Tetraazacyclododecane and tetraazacyclotetradecane derivatives bearing a spirobenzopyran and three carboxymethyl moieties, 1 and 2, and a diethylenetriamine derivative bearing a spirobenzopyran and four carboxymethyl moieties 3 were synthesized. The isomerization behaviors based on the spirobenzopyran moiety of these ligands were studied by UVvisible spectrophotometry in aqueous solutions containing various metal ions at neutral pH. These ligands formed stable 1:1 complexes with lanthanide ions, while the spirobenzopyran moiety was isomerized to its corresponding merocyanine form even under dark conditions. In aqueous solutions containing a lanthanide ion, the absorption spectra of 1 or 2 showed remarkable blue shifts, while absorbances at the maximum absorption wavelengths in the visible region were enhanced; such changes are attributable to the isomerization to the merocyanine form of the spirobenzopyran moiety. These results suggest that the phenolate anion of the merocyanine moiety interacts very strongly with a lanthanide ion bound by the complexing moiety because of the high charge density of lanthanide ions. In contrast, the absorbance of merocyanine form was decreased by the complexation of the macrocyclic ligand with transition metal ions, such as Cu . This result indicates that macrocyclic ligands, 1 and 2, formed complexes with transition metal ions only by the aminocarboxylate moieties, and the phenolate ion of merocyanine moiety was not able to participate in the complexation. This conclusion was also demonstrated by density functional theory calculations.
Introduction
Spirobenzopyran is known as a typical photochromic compound; it is isomerized from its electrically-neutral colorless spiropyran form to the corresponding zwitterionic merocyanine form having an absorption spectrum in the visible region by UV-light irradiation and vise versa by visible-light irradiation (Fig. 1 ). [1] [2] [3] Spirobenzopyran derivatives bearing a crown ether moiety, what we call crowned spirobenzopyrans, have some interesting characteristics, so they have been used as colorimetric reagents for metal ions in liquid-liquid extractions. 4, 5 Crowned spirobenzopyrans can be isomerized from their spiropyran form to the corresponding merocyanine form by metal ion complexation even under dark conditions. [6] [7] [8] [9] [10] [11] [12] The metal-ion complexing ability of a crowned spirobenzopyran is drastically increased as compared to that of its parent crown ether moiety due to the interaction between the phenolate anion of the merocyanine moiety and a metal ion. Therefore, many studies about how to control the metal-ion complexing ability based on the isomerization of the spirobenzopyran have been carried out.
Polyaminopolycarboxylic acids have been used as complexing reagents for various metal ions for a long time. They form very stable complexes with multivalent metal ions in aqueous solution. Lanthanide ions, such as Gd 3+ and Eu
3+
, are especially interesting due to their fluorescence and magnetic properties. However, they are not suitable for living bodies due to their toxicities. As the lanthanide ion complex with polyaminopolycarboxylic acid does not stay long in the body, the toxicity of the lanthanide ion is alleviated. Especially, 1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecane (DOTA) is known to form highly stable complexes with lanthanide ions. The DOTA/Gd 3+ complex is generally used as MRI contrast reagent. 13 Various lanthanide-chelating reagents bearing several functional groups have been developed so far. The functional chelating reagents, which have a functional group sensitive to pH and/or the other metal ions such as Zn 2+ and Ca 2+ , were synthesized from DOTA, and their Gd 3+ complexes have been studied as MRI contrast reagents. [14] [15] [16] On the other hand, the chelate complexes of Eu 3+ and Tb 3+ have been used in vivo as fluorescent probes.
In this study, the novel macrocyclic and noncyclic polyaminopolycarboxylic acid derivatives bearing a spirobenzopyran moiety, 1 -3 ( Fig. 2) , were synthesized, and their metal ion complexation-induced isomerization behaviors based on the spirobenzopyran moiety were studied by UVvisible spectrophotometry in neutral-pH aqueous solutions. 
Experimental
Reagents and chemicals 5-Nitrosalicylaldehyde, 1,3,3-trimethyl-2-methyleneindolin, 1,4,7,10-tetraazacyclododecane and 1,4,8,11-tetraazacyclotetradecane were purchased from Tokyo Kasei Kogyo Co., Inc. (Tokyo, Japan). Zn(NO3)2·6H2O, Eu(NO3)3·6H2O, Er(NO3)3·6H2O, 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) and tert-butylbromoacetate were obtained from Wako Pure Chemical Industries (Osaka, Japan). Ba(NO3)2, Cu(NO3)2·3H2O and tetramethylammonium hydroxide was purchased from Nacalai Tesque, Inc. (Kyoto, Japan).
Mg(NO3)2·6H2O, Ca(NO3)2·4H2O, and La(NO3)3·6H2O were purchased from Katayama Chemical Industries Co., Ltd. (Osaka, Japan). KNO3 and Sr(NO3)2 were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Yb(NO3)3·3H2O was purchased from Mitsuwa Chemicals Co., Ltd. (Osaka, Japan). Metal nitrates were used without further purification. All other regents were of analytical grade, and were used as received. Acetonitrile, benzene, chloroform, cyclohexane, toluene, methanol, hexane, and ethyl acetate were purified by conventional methods, such as distillation. (4) . A mixture of 3-chloromethyl-5-nitrosalicylaldehyde (4.3 g, 20 mmol) and MgSO4 (2.4 g, 20 mmol) in 200 mL of benzene was stirred at 80˚C for 30 min. To the mixed solution was added dropwise 1,3,3-trimethyl-2-methyleneindoline (3.5 g, 20 mmol), and was refluxed for 4 h under N2 atmosphere. The reaction solution was washed using 10% NaOH (200 mL) and deionized water (2 × 200 mL). The organic layer was separated and was dried over Na2SO4, the solvent was then removed in vacuo. The residue was purified by recrystallization from cyclohexane. 
Syntheses of spirobenzopyran derivatives
1,3,3-Trimethyl-8′-chloromethyl-6′-nitrospiro([2H-1]benzopyran- 2,2′-indoline)
1,4,7-Tris(tert-butoxycarbonylmethyl)-10-[8″-(1′,3′,3′-trimethyl-6″-nitrospiro([2H-1]benzopyran-2′,2″-indoline)methyl)]-1,4,7,10-tetraazacyclododecane (7)
. Under N2 atmosphere, a mixture ofand TFA (5 mL) in 5 mL of dichloromethane was stirred at room temperature for 24 h. After the reaction, the solvent was evaporated. The crude dissolved in 150 mL of water was extracted with chloroform (3 × 50 mL). The aqueous phase was collected, and the water was removed in vacuo. 1,4,8,11-tetraazacyclotetradecane (9) . Under N2 atmosphere, a mixture of 8 (0.54 g, 1.0 mmol) and Na2CO3 (0.21 g, 2.0 mmol) in 50 mL of acetonitrile was stirred at 60˚C for 30 min. To the mixed solution was added dropwise to a solution of 4 (0.74 g, 2.0 mmol) in 50 mL of acetonitrile for 1 h. The reaction mixture was refluxed for 24 h. The precipitate was filtered, and the solvent was removed in vacuo. The residue was purified by column chromatography over silica gel with hexane/ethyl acetate (3:7) as an eluent (Rf = 0.50). Compound 9 was obtained as a purple-red powder. Yield: 0.34 g, 38.8%. m.p.: 65.0˚C. 
1,4,8-Tris(tert-butoxycarbonylmethyl)-11-[8″-(1′,3′,3′-trimethyl-6″-nitrospiro([2H-1]benzopyran-2′,2″-indoline)methyl)]-

1,4,8-Tris(carboxymethyl)-11-[8″-(1′,3′,3′-trimethyl-6″-nitrospiro([2H-1]benzopyran-2′,2″-indoline)methyl)]-1,4,8,11-tetraazacyclotetradecane (2).
A mixture of 9 (0.34 g, 0.39 mmol) and TFA (5 mL) in 5 mL of dichloromethane was stirred at room temperature for 24 h. After the reaction, the solvent was evaporated in vacuo. The crude residue was dissolved in 150 mL of water and extracted with chloroform (3 × 50 mL). The aqueous phase was collected, and the water was removed in vacuo. (24H, m, azaring-CH2, 1,4,8 
Measurements of absorption spectra
The absorption spectra of the aqueous solutions were measured in the presence and the absence of alkali, alkalineearth, transition, or lanthanide metal nitrates under dark conditions, unless otherwise noted. The concentrations of ligand and metal ion were 2.0 × 10 -5 mol dm -3 each. The pH for the aqueous solutions containing 1.0 × 10 -2 M HEPES was adjusted to 7.4 using tetramethylammonium hydroxide; the ionic strength (I) was kept at 0.1 with KNO3. All of the measurements were carried out at room temperature after the prepared sample solutions were allowed to stand for more than 24 h. Absorption spectra were recorded on a JASCO V-550 UVvisible spectrophotometer.
DFT calculation
The structures for the complexes of 1 and 2 with Zn 2+ were optimized by DFT calculations using the Becke3-Lee-Yang-Parr function (B3LYP) and 3-21G basis sets in the Gaussian 03 program. Two types of the structures for each complex, 1 and 2, were assumed for calculation of the most stable structures: one of them has a spirobenzopyran moiety and another one has its corresponding merocyanine form, the phenolate ion of which interacts with Zn 2+ in the complexes.
Results and Discussion
Syntheses of macrocyclic ligands and noncyclic analogues
The spirobenzopyran derivatives were synthesized as shown in Scheme 1. Compounds 1 and 2 were synthesized as shown in Scheme 2. To the acetonitrile solution of tetraazacrown ether was added 3.3 equimolar tert-butyl bromoacetate. The obtained tetraazacrown ether derivative bearing three tertbutoxycarbonylmethyl moieties was recrystallized from toluene. Alkylation on a nitrogen atom of the crown ring with a 466 ANALYTICAL SCIENCES APRIL 2008, VOL. 24 chloromethylated spirobenzopyran was carried out in acetonitrile in the presence of Na2CO3 under reflux. The obtained mixtures were separated to compounds 7 and 9 by silica gel column chromatography using chloroform/methanol (5:1) (Rf = 0.46) and hexane/ethyl acetate (3:7) (Rf = 0.50) as the eluents, respectively. Debutylation of compounds 7 and 9 with CF3COOH was carried out at room temperature. Compounds 1 and 2 were obtained in overall yields of 16.0 and 18.5%, respectively. As diethylenetriamine pentaacetic acid (DTPA) also has a metal ion complexing ability at a level similar to that of DOTA, DTPA derivative bearing a spirobenzopyran moiety 3 was synthesized as shown in Scheme 3, for comparison with the macrocyclic ligands as a noncyclic ligand. Compound 3 was purified by reversed-phase HPLC using methanol/water (70/30) as the eluent. Figure 3 shows the absorption spectra of 1 -3 in the presence and the absence of Ca 2+ , Zn 2+ , and Gd
Isomerization behavior of spirobenzopyran moiety in the presence of metal ion
3+
. The spectra of the solutions containing 1 and 2, assigned to the merocyanine moiety, were remarkably changed depending on the kind of the metal ions. Only a slight spectral change, however, was observed in the case of 3. The difference may be explained as follows: In the cases of macrocyclic compounds, their four nitrogen atoms and three carboxylate anions in the azacrown moiety coordinate to a metal ion, and there is still some space for the phenolate anion in the merocyanine moiety to coordinate to the metal ion. On the other hand, in the case of the noncyclic ligand, its three nitrogen atoms, four carboxylate anions and one carbonyl oxygen atom in the ester moiety strongly coordinate to a metal ion, and therefore there is little space for the phenolate anion to participate in the binding to the metal ion.
Compounds 1 and 2 showed very interesting absorptionspectral changes, depending on the kind of metal ions. The plots of absorbance at maximum absorption wavelength (λmax) vs. λmax of the solutions containing various ligands and metal ions are shown in Fig. 4 . On the addition of Ca 2+ or Sr 2+ , the absorbance attributable to the merocyanine moiety of 1 was drastically increased. We think that 1 formed highly stable complexes with Ca 2+ and Sr 2+ and that the spirobenzopyran moiety of 1 is isomerized from its spiropyran to the corresponding merocyanine forms due to the interaction between the phenolate anion of the merocyanine form and the λ λ metal ion bound by the coordinating moiety. However, on the addition of Mg 2+ or Ba 2+ , no significant spectral change was observed. On the contrary, in the case of 2, no spectral change was observed on the addition of all alkaline-earth metal ions. Probably, most of the spirobenzopyran moiety of 2 was isomerized by protonation of the nitrogen atoms on the tetraazamacrocycle moiety from its spiropyran form to the corresponding merocyanine in the absence of metal ions, and therefore such a remarkable absorbance change by the metal ion complexation, as seen in the case of 1, was not observed in the case of 2. The aza-14-crown-4 ring is more liable to accommodate protons than the aza-12-crown-4 ring 17 because the mean distance between nitrogen atoms of the aza-14-crown-4 ring is greater than that of the aza-12-crown-4 ring.
In the cases of Cu 2+ and Zn 2+ , the absorbance at the maximum absorption wavelength, which is attributable to the merocyanine form of the spirobenzopyran moiety of 1 and 2, was decreased with the increase in metal ion concentration. Probably, the merocyanine form of the spirobenzopyran moiety was isomerized back to its spiropyran form, since the phenolate anion of the merocyanine was not able to interact with Cu 2+ and Zn 2+ bound by the crown moiety, as will be discussed in detail later. On the other hand, the maximum absorption wavelengths, which are attributable to the merocyanine forms, of 1 and 2 shifted toward the short-wavelength region on the addition of lanthanide ion. It is apparent that compounds 1 and 2 formed very stable complexes with lanthanide ions and that the phenolate anion of merocyanine moieties strongly interacts with the metal ion bound by the crown moiety.
Absorption-spectral change with metal ion concentration
Absorption-spectral changes of 1 and 2 were investigated with different concentrations in Ca
2+
, Zn 2+ and Gd
3+
. The pH of the aqueous solution was adjusted to 7.4. The measurements were carried out at room temperature under dark conditions, after the sample solutions prepared were allowed to stand for 24 h under dark conditions. Plots of the Δ absorbance at λmax vs. the ratio of Ca 2+ concentration against compounds 1 and 2 are shown in Fig.  5 . For compound 1, the absorbance at λmax increased with the increase in Ca 2+ concentration and then leveled off at 0.5 equimolar Ca 2+ to 1. The stoichiometry of the 1/Ca 2+ complex was determined by Job's plot as shown in Fig. 6 . The absorbance at λmax reached a maximum when the molar ratio of 1 to Ca 2+ was 0.66. These results suggest that Ca 2+ and compound 1 form a 1:2 (Ca 2+ :1) complex. On the other hand, no spectral change of 2 was observed with the increase in Ca 2+ concentration. It is presumed that without any metal ion the spirobenzopyran moiety of 2 was already isomerized to the merocyanine form by the protonation of the nitrogen atoms on the tetraazamacrocycle moiety, which did not induce the absorbance change depending on the metal ion complexation.
The Gd
-concentration dependent changes in the maximum absorption wavelength and the absorbance at λmax for 1 are shown in Fig. 7 . The absorption spectrum exhibited a hypsochromic shift and the absorbance at λmax drastically increased with the increase in Gd 3+ concentration. This result suggests that the lanthanide ion interacts strongly with the phenolate ion of the merocyanine moiety, as anticipated from the high charge density of the lanthanide ion. The analogous compound of 1, DOTA, forms a square-antiprismatic complex with Gd 3+ , which is capped with a H2O. 18 DOTA is an octadentate ligand in this complex. Compound 1 forms a Gd 3+ complex similar to the Ga 3+ -DOTA complex, so the absorptionspectral changes of 1 with the increase in Gd 3+ concentration are attributable to the formation of the 1:1 complex of Gd 3+ and 1 by the strong coordination of the phenolate ion to Gd 3+ as well as three carboxylate moieties.
On the other hand, the absorbances of 1 and 2 at the maximum absorption wavelength decreased linearly with the increase in Zn 2+ concentration until they approached the equal concentration of ligand as shown in Fig. 8 . This indicates that 1 and 2 formed stable 1:1 complexes with Zn 2+ , and the decreases in the . The ligands, DOTA and TETA, which are analogs of 1 and 2, respectively, are known to form the hexa-coordinated complexes with Zn 2+ and Cu 2+ . 19 Thus, for the complexes of 1 and 2, four nitrogen atoms of the crown ring and the two carboxylate anion coordinate strongly to Zn 2+ to form stable 1:1 complexes and to prevent the interaction of the phenolate ion of merocyanine moiety with Zn 2+ . The most stable structures of the complexes of 1 and 2 with Zn 2+ were calculated by density functional theory (DFT), based on the X-ray structure analyses of DOTA and TETA complexes. 19 Two types of the structures for each complex of 1 and 2 were assumed for the calculation of the most stable structures: one of them has a spirobenzopyran moiety which has no interaction with Zn 2+ in the complexes and the other one has its corresponding merocyanine form, whose phenolate ion interacts powerfully with the ion. The program employed in the calculation is the B3LYP/3-21G Model for Gaussian 03. 20 The structural stabilization energies of the complexes are summarized in Table 1 and the structures thus obtained are shown in Fig. 9 . The structural stabilization energies of the complexes of 1 and 2 bearing the merocyanine moiety are 20.90 and 23.91 kcal mol -1 , respectively, higher than those of the ligands bearing a spiropyran moiety. That is to say, the former is unstable compared with the latter. Thus, when 1 and 2 form the complexes with Zn 2+ , the spirobenzopyran moiety isomerizes from its merocyanine form back to its spiropyran form, so the absorbance at maximum absorption wavelength attributable to merocyanine moiety is decreased with the increase in the concentration of Zn 2+ . This decrease is because the interaction between the phenolate ion of merocyanine moiety and proton on the nitrogen atom of the crown ring which does not complex any metal ion, disappeared due to the complexation of 1 and 2 with Zn 2+ . That is to say, the simultaneous ion exchange between proton and Zn 2+ occurred, as mentioned above. Such calculation results support the decrease in the absorbance attributable to the merocyanine moiety.
The absorption-spectral changes and the isomerization behavior of the spirobenzopyran moieties of 1 and 2 reflect the affinities of the ligands for metal ions and the structures of those complexes with metal ions.
Conclusions
Macrocyclic and linear ligands bearing a spirobenzopyran moiety as the chromophore and plural carboxymethylamino moieties as the complexing sites were synthesized. Metal ion complexation-induced isomerization behaviors of spirobenzopyran moiety from its spiropyran form to the corresponding merocyanine form in neutral pH solutions were studied by absorption spectrophotometry under dark conditions. Tetraazacyclododecane derivative 1 had the higher affinity for Ca 2+ and Sr 2+ than the other alkaline-earth metal ions; thereby, the spirobenzopyran moiety was isomerized to its colored merocyanine form on complexation with a metal ion. On the other hand, no spectral change of tetraazacyclotetradecane derivative 2 was observed on the addition of any metal ion. These results indicate that the spirobenzopyran moiety in 2 was isomerized from its spiropyran form to the corresponding merocyanine even in the absence of metal ions. The absorbance at the maximum absorption wavelength attributable to the merocyanine form was decreased with the increase in Zn 2+ concentration.
This result suggests that, although the macrocyclic moiety of 1 forms a complex with Zn 2+ , the phenolate ion of the spirobenzopyran moiety does not interact with the metal ion bound by the macrocyclic moiety. In the presence of lanthanide ions, the absorption spectra showed a remarkable blue shift depending on the metal ion concentration, which shows that the strong interaction between the phenolate ion of merocyanine moiety and a lanthanide ion contributes to the stable complex formation.
